We demonstrate a versatile method to create state-dependent optical lattices by applying a magnetic field gradient modulated in time. This allows for tuning the relative amplitude and sign of the tunnelling for different internal states. We observe substantially different momentum distributions depending on the spin-state of fermionic 40 K atoms. Using dipole-oscillations we probe the spin-dependent band structure and find good agreement with theory. In-situ expansion-dynamics demonstrate that one state can be completely localized whilst others remain itinerant. A systematic study shows negligible heating and lifetimes of several seconds in the Hubbard regime.
Ultracold atoms in optical lattices provide a highly tunable platform to simulate the behaviour of electrons in solids. When the tunnelling in the lattice depends on the internal spin state, SU(2) symmetry is explicitly broken and novel quantum phases emerge, such as unconventional superconductivity owing to a Fermi-surface mismatch, or exotic forms of magnetism arising from anisotropic spin exchange [1, 2] . Both the static properties and the dynamics of particles in the lattice will then depend on their internal state. Realizing such a statedependent tunnelling in an optical lattice requires a coupling between internal and external degrees of freedom and has so far been demonstrated with bosonic atoms, allowing for quantum computation and simulation [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The technique used there mainly relies on the differential coupling of the lattice laser field to different atomic transition lines [14] . Its range of applicability is however limited by the intrinsic problem of heating by spontaneous emission. This problem is particularly severe for fermionic potassium and lithium atoms because of their small fine-structure splittings, which has hindered the realisation of state-dependent optical lattices for fermions. Other proposed methods, relying on earth-alkaline and similar atoms [15, 16] , or on atom chips [17] , seem to involve difficult experimental challenges.
Here we present the implementation of a spindependent lattice for ultracold fermions using a different method. Following the proposal in Ref. [18] , our method relies on the application of an oscillating force to the particles in the lattice, with an amplitude which depends on their internal state [19] . The resulting system can then be well described by an effective time-independent Hamiltonian [20] [21] [22] [23] , with differently renormalized tunnelling terms for each internal state. The general idea can readily be extended to mixtures of different atomic species or other artificial or conventional lattices. In our case the spin-dependent force in a particular direction x on state σ is provided by a magnetic field gradient, and is given by
where E σ gives the energy of a state as a function of the magnitude of the external magnetic field |B| [24] . For the F = 9/2 hyperfine-manifold of 40 K used in our experiment, the force resulting from a given gradient can take on various positive or negative values or vanish, depending on the Zeeman-sublevel, see Fig. 1a .
An oscillating force renormalizes the amplitude and phase of tunnel-couplings in a lattice, which has been observed in optical lattices for ultracold bosons [20, [25] [26] [27] [28] . In a single-band tight-binding model, the time-dependent Hamiltonian of a one-dimensional non-interacting system is given by:
whereĉ † jσ andĉ jσ are the creation and annihilation operators of one fermion with spin σ on site j, τ is time, a the lattice constant and t the tunnelling energy. Using Floquet theory, an effective time-independent Hamiltonian can be derived, which describes the system on time-scales longer than the oscillation period [21, 22, [29] [30] [31] . For a sinusoidally oscillating force
with angular frequency ω S and a dimensionless modulation amplitude K σ 0 , the effective Hamiltonian reads (see [20] [21] [22] [23] for a derivation):
The tunnelling has therefore been renormalized to a spindependent value
given by a 0 th -order ordinary Bessel function J 0 . An intuitive picture of this effect can be gained by considering the time-dependent band energy as a function of quasimomentum q x in a co-moving frame. As illustated in Fig. 1b , the average of the "shaken" band energy over one period then gives the effective band:
Going beyond the non-interacting single-band regime, these effective Hamiltonians can contain additional terms such as longer-range tunnelling, as recently observed [18, 32, 33] , which could then also be made state-dependent.
In a first experiment we study how the changing band structure of the effective Hamiltonian affects the quasimomentum distribution of two different spin states. For this measurement, we prepare a degenerate cloud of 1.9(4) × 10 4 non-interacting spin-polarized fermionic 40 K atoms in an optical dipole trap operating at 826 nm and load them into the lowest band of a one-dimensional optical lattice with a lattice constant of a = 532 nm and a tunnelling rate of t/h = 174(9) Hz. For details of the preparation procedure and trapping parameters, see [34] . We then ramp up an oscillating current with a frequency of 750 Hz within 100ms, which runs through a single coil mounted about 1 cm away from the atoms, see Fig. 1c . Reaching the first zero of t −9/2 eff at K −9/2 0 ≈ 2.4 requires a gradient amplitude of about 24 G/cm corresponding to a current amplitude of 6.4 A. Fig. 2a shows the resulting quasimomentum distributions in the lattice, measured using a band-mapping technique [34] . The distribution broadens when the modulation is increased, because the width of the lowest band decreases. Above the critical value of K −9/2 0 ≈ 2.4, a double-peak feature appears for atoms in the m F = −9/2 Zeeman sub-level (henceforth denoted |−9/2 , and similarly for other m F values). This occurs because t becomes negative and therefore the band has minima at quasimomenta q x = ±π/a rather than at q x = 0. The situation is very different when using the |−5/2 state. At the offset-field of 57.53(1) G used here, K for the same magnetic field gradient amplitudes. Therefore, when the |−9/2 atoms experience a completely flat band, those in the |−5/2 state still tunnel at a rate of 86(4) Hz. As can be seen in Fig. 2b , their spread increases only slightly. The two states experience very different effective band structures, which allows for creating a tunable Fermi-surface mismatch.
In order to directly measure the effective tunnelling, we perform dipole oscillations in the modulated optical lattice. The tunnelling is proportional to the oscillation frequency squared, which, in the limit of small oscillations, can be understood as arising from a change in effective mass [37] . The atoms are displaced by 0.31(4) π/a in q x -direction and allowed to evolve for up to 350 ms. The oscillation frequency is then extracted from the time-dependent peak position of the quasimomentumdistribution. The maximum oscillation frequency of 8.4(3) Hz is much smaller than the modulation frequency of 750 Hz, meaning that the dynamics should be well described byĤ eff . As shown in Fig. 2c , the oscillations for |−9/2 atoms become slower when the modulation amplitude is increased, as expected from the Bessel functions in Eq. 3. The |−5/2 atoms, on the other hand, experience a weaker modulation force and their oscillation frequency therefore changes much less. The spin-dependent oscillation frequency shows that the atoms behave as though they had different masses in the lattice. The effect is expected to vanish in the absence of a lattice, as a quadratic dispersion is not changed by an oscillating force. Indeed, Fig. 2c shows that we observe no reduction of the oscillation frequency when applying an oscillating gradient in a harmonic trap.
By tuning the modulation amplitude, the tunnelling ratio of the two spins can be set to any positive or negative value, as shown in Fig. 2d . We now focus on the case where K −9/2 0 ≈ 2.4 and the |−9/2 atoms experience a completely flat band with zero tunneling. They are therefore pinned to the lattice, whilst atoms in other states remain itinerant, see Fig. 3a . This situation can be observed in the in-situ expansion of the atomic cloud. For these measurements we work with single spin states at a uniform offset-field of 208.15(1) G, as typically used for experiments with interacting 40 K. Starting from a trap configuration where ω x,y,z = 2π × (67.8(3), 60.4(4), 233.5(3)) Hz we suddenly switch off the confinement along the lattice direction and measure the width of the cloud as a function of time [38, 39] . Fig. 3b shows that no expansion of the cloud can be observed for the |−9/2 state, where K /h = 117(6) Hz). This demonstrates spin-selective pinning, a crucial ingredient for the Falikov-Kimball model, the Kondo (lattice) model and other models for impurities or disordered systems [40, 41] .
We now study the expansion of an interacting spinmixture, by simultaneously loading atoms in the |−9/2 and |−5/2 state. During the modulation, the scattering length of 257(1)a 0 , where a 0 denotes the Bohr radius, also varies between 1280(80)a 0 and 217.0(1)a 0 [42] . In Fig. 3c we see that the expansion is still very different for the two states, however the |−9/2 component now shows a slight broadening. This may be caused by additional terms inĤ eff which have been predicted to arise owing to the presence or modulation of interactions, in particular for low frequencies [22, 23, [43] [44] [45] [46] [47] , and is an interesting subject for further studies.
A question of fundamental interest when studying effective Floquet Hamiltonians concerns the evolution from a static to a modulated Hamiltonian as well as the stability of interacting Floquet systems [21, 48, 49] . From an experimental point of view, excitations created by modulating the system can be observed as heating and atom loss, both of which are detrimental. In order to study how heating and losses depend on the amplitude and frequency of the modulation, we start with 233(10) × 10 3 atoms in a balanced mixture of |−9/2 and |−5/2 at a temperature of 19(1)% of the Fermi temperature T F . We turn on a three-dimensional cubic Hubbard-regime optical lattice with an isotropic tunnelling of either 174(9) Hz or 67(3) Hz within 200 ms and then linearly ramp up the modulation in 100 ms. After a variable waiting time τ W this loading procedure is reverted (see Fig. 4a ). The final temperature after thermalization is extracted from Fermi fits to the momentum distribution [34] . The measurements were taken at a static field of 160. 44 (1) G, where the scattering length of 194.8(1)a 0 is modulated by less than ±7a 0 for the modulation parameters of Fig. 3 . Fig. 4b shows how the ramp-induced heating depends on the modulation amplitude, when setting a frequency of 750 Hz, as above. For small modulation amplitudes, almost no additional heating compared to the effects of the lattice-ramp itself are observed, especially for the deeper lattice. For larger amplitudes, some heating becomes visible at this frequency, which interestingly seems to saturate when K −9/2 0 2.4 and the effective tunneling becomes small. A heating rate is extracted from linear fits to the temperature as a function of τ W for times up to 300 ms (after that, the temperature starts to saturate). It shows negligible values for most experimentally relevant time-scales, even for strong modulation. Exponential fits to the atom number measured for waiting times up to 2s show that modulation decreases lifetimes in the lattice. However, even when completely localizing one species, very long lifetimes of several seconds are still observed, which correspond to values several orders of magnitude larger than the interaction and tunnelling times.
Further insight into the relevant excitations of the system can be gained by studying the dependency on modulation frequency. The excitation of doubly occupied sites is predicted to have a resonance around 1.3 kHz (2.0 kHz), given by the on-site interaction energy, and the width of the lowest band is 2.1 kHz (0.8 kHz) in the shallower (deeper) lattice. Remarkably, directly above the sum of these two frequencies, where such excitations should be strongly suppressed [50] , the modulation ramp seems to cause no heating at all, see Fig. 4c . For even higher frequencies, the ramp-induced heating, heating rate and lifetime rapidly worsen for the shallower optical lattice, but not in the deeper one. We therefore attribute this feature to excitations of higher bands. Although the direct gap of the non-interacting band structure has a value of 14.7 kHz (21.8 kHz) for the shallower (deeper) lattice, an oscillating force can also drive higher-order processes.
In conclusion, we have demonstrated a versatile method for creating widely tunable state-dependent lattices with minimal heating and loss, which should be easy to implement for many existing experimental setups. We have studied the static and dynamic behaviour of fermions in spin-dependent lattices in both real-and momentum-space. This method makes numerous manybody Hamiltonians accessible for ultracold atoms [56] [57] [58] [59] , including limiting cases of the spin-anisotropic Hubbard model such as the Falicov-Kimball or XXZ model. The effects of explicitly breaking SU(2) symmetry may in fact already become visible at the level of short-range magnetic correlations observed in the Fermi-Hubbard model so far [60] [61] [62] . In addition, interesting extensions of topologically non-trivial Hamiltonians can be accessed, such as interpolating between the Haldane and Kane-Mele models [63, 64] . With minor modifications our scheme could also be used to engineer gauge fields and spin-orbit coupling [51] [52] [53] [54] , where circumventing spontaneous emission has been identified as a major challenge for future work [55] .
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SUPPLEMENTAL MATERIAL Preparation of the Atomic Cloud
We start with 1.4(4) × 10 6 non-interacting spinpolarized fermionic 40 K atoms which are cooled to temperatures of about 28(2)% of the Fermi-temperature by sympathetic cooling with 87 Rb in a magnetic QUICtrap [35] . The atoms are transferred to an optical dipole trap operating at 826 nm and transferred to the required spin-state using radio-frequency transitions. For measurements with interacting spin mixtures (Figs. 3c and  4) , a mixture of |−9/2 and |−7/2 atoms is evaporated in the optical dipole trap and the |−7/2 atoms are then transferred to the |−5/2 state. For measurements with spin-polarized non-interacting clouds (Figs. 2 and 3b) , the depth of the optical dipole trap is simply lowered until the desired atom number and a narrow momentum distribution is reached.
For the measurements in Fig. 2 , the atoms are additionally levitated using a static magnetic gradient (gravity points along the z-direction).
In Fig. 2 , the overall harmonic confinement is ω x,y,z = 2π × (15.6(1), 27.8(2), 54.0(5)) Hz and in Fig. 3 it is ω x,y,z = 2π × (67.8(3), 60.4(4), 233.5(3)) Hz before the expansion starts and ω x,y,z = 2π × (0, 58(1), 124(2)) Hz during the expansion. In Fig. 4 it is ω x,y,z = 2π × (55(3), 52(3), 112(3)) Hz in the 174(9) Hz lattice, which has a potential depth of 7 E R per lattice beam (E R = h 2 /(2m K λ 2 ) denotes the recoil energy of 40 K with mass m K in a λ = 1064 nm lattice) and ω x,y,z = 2π × (66(4), 61(4), 118(4)) Hz in the 67(3) Hz lattice, which has a depth of 11 E R .
Gradient and Field Calibration
All gradients are calibrated using Bloch oscillations of the |−9/2 and |−5/2 atoms in a static gradient. The dimensionless modulation amplitude K σ 0 is then found by dividing the Bloch-oscillation frequency by the modulation frequency. When working at low external offsetfields, the changing offset-field arising from modulation with a single coil (which forms part of the QUIC setup) leads to a non-linear dependence of the gradient on the driving current. A static gradient which would arise from the non-linearity is compensated. The non-linearity also introduces higher harmonics in the modulated force. However, it does not modify the effective tunnelling by more than 2%.
In Fig. 2 , the levitation of the atoms leads to a different external field depending on which of the two spin-states is supported against gravity. Therefore, driving a current through the coil results in a different magnetic gradient at the position of the atoms for the two different configurations, which is taken into account in our calibration.
The static and time-dependent magnetic fields are calibrated by spin-flips from the |−7/2 to the |−5/2 states as well as optical absorption measurements on the D2 line. Note that the time-dependence of the magnetic field could be avoided by modulating the current of more than a single coil, if for example a modulation of the scattering length is not desired. The minimal change in magnetic field is then given by the applied gradient multiplied by the size of the cloud, which is typically less than 0.1 G.
Quasimomentum Distribution and Dipole Oscillations
In the experiment, the quasimomentum distribution is measured by ramping down the modulation amplitude in 10 ms and turning off the lattice in 0.5 ms, slow enough that higher bands are not populated in this ramp but fast enough that the harmonic trapping potential does not change the quasimomentum distribution during the ramp. After 15 ms of ballistic expansion, an absorption image of the cloud is taken.
The dipole oscillations in the harmonic trap are initiated by displacing the atoms by q 0 in quasimomentum space. As a result of the tight-binding dispersion, the equation of motion for the quasimomentum is equivalent to the one of a mathematical pendulum. The square of the oscillation frequency is proportional to the tunnelling energy t and can be written as ν 2 = α(q 0 )π 2 ν 2 trap t/E R , where ν trap is the trap frequency without lattice. The parameter α(q 0 ) describes the effect of the anharmonicity of the dispersion and depends on the initial displacement. For q 0 → 0, the time evolution can be seen as an oscillation in a quadratic dispersion with an effective mass and α(q 0 = 0) = 1. For a finite displacement, α can be calculated numerically and has a value of 0.89(4) for our case with q 0 = 0.31(4) π/a. Therefore, we expect a frequency of ν 0 = 9.2(2) Hz for the lattice configuration in Fig. 2 without gradient modulation, which is in close agreement with the experimental value of 8.4(3) Hz. We attribute the residual deviations from the theoretical value to an uncertainty in the calibration of the lattice depths, which however cancels when considering t σ eff /t. Since the displacement in quasimomentum space is the same both with and without gradient modulation, the factor α cancels when calculating the ratio between the two oscillation frequencies in Fig. 2c and (ν/ν 0 ) 2 = t σ eff /t. As the cloud has a finite width in quasimomentum space, the atoms which are closer to the edge of the Brillouin zone have a longer oscillation period since α(q 0 ) decreases as the displacement increases. While the dynamics of the peak of the distribution still follows the simple evolution described above, the motion of the center of mass depends on the exact quasimomentum distribution. In particular, the center of mass oscillates with a lower frequency than the peak.
For the dipole oscillation data in Fig. 2c we determine the oscillation frequency by fitting the peak of the quasimomentum distribution in the lattice, summed over q y and q z . Within this procedure we first obtain a smoothed quasimomentum distribution by applying a SavitzkyGolay filter to the raw absorption image. In a second step we determine the peak position of the cloud by performing a center of mass evaluation for data points which are above a threshold of 0.85 of the maximum atomic density. The oscillation frequency is subsequently extracted from a damped sine fit function to the peak position at different waiting times in the shaken lattice. We obtain the error on the oscillation frequency by fitting the oscillations frequency for a threshold of 0.7 and 1.0 of the maximum atomic density and following the same procedure.
Expansion Measurements
For the expansion data the real-space density is measured without switching off the lattice or the modulation, with the measurement time chosen such that it corresponds to a zero-crossing of the magnetic field modulation. We measure the different spin-states separately by making use of the differential shift of the optical transition frequency used for imaging at strong external magnetic fields. The width of the cloud is determined by a Gaussian fit to the in-situ density profile.
Heating Measurements
We have observed that losses become very large when the magnetic offset-field (which, as mentioned above, also varies during the modulation) reaches the Feshbach resonance at 224.21(5) G [36] . Therefore, all heating measurements were taken at a static field of 160. 44 (1) G, where the scattering length of 194.8(1)a 0 is modulated by less than ±7a 0 . After the lattice has been completely ramped down, we move to an offset-field of 214.8(1) G within 100 ms and wait for 200 ms in this configuration, where the scattering length is 315(2) Bohr radii, to ensure that any residual excitations of the cloud have thermalized.
The heating of the atoms caused by ramping into the lattice and reverting the loading procedure again gives an estimate of the actual temperature in the lattice. In previous work it has been found that the heating caused by the first half of the ramp is lower than that of the reversed ramp [50, 61] .
When measuring the heating for long waiting-times τ W , we observe a saturation of T /T F . For the data in Fig. 4 we fit linear slopes to times up to 300 ms, which are the most relevant time-scales for the majority of optical lattice experiments. Fitting to longer times would result in lower heating-rates, but the fitting function would not capture the time-dependence well. The 1/e-lifetimes are extracted from exponential fits to the atom numbers for waiting-times up to 2 s.
